A recent paper [1] argues that bipartite "PR-box" correlations, though designed to respect relativistic causality, in fact violate relativistic causality in the classical limit. As a test of Ref.
Quantum mechanics might make more sense to us if we could derive it from simple axioms with clear physical content, instead of opaque axioms about Hilbert space. Aharonov [2] and, independently, Shimony [3] conjectured that quantum mechanics might follow from the two axioms of nonlocality and relativistic causality (no superluminal signalling). For example, quantum correlations respect relativistic causality, but they are nonlocal: they violate the Bell-CHSH [4, 5] inequality. Could quantum mechanics be unique in reconciling these axioms, just as the special theory of relativity is unique in reconciling the axioms of relativistic cauasality and the equivalence of inertial frames? So-called "PR-box" [6] correlations disprove this conjecture. Like quantum correlations, they respect relativistic causality; but unlike quantum correlations, they violate the Bell-CHSH inequality maximally. Nevertheless, a recent paper [1] argues that the addition of one minimal axiom of clear physical content-namely, the existence of a classical limit-suffices for ruling out PR-box correlations.
The additional axiom is minimal in the following sense: Quantum mechanics has a classical limit in which there are no uncertainty relations; there are only jointly measurable macroscopic observables. This classical limit-our direct experience-is an inherent constraint, a boundary condition, on quantum mechanics and on any generalization of quantum mechanics. Thus PR-box correlations, too, must have a classical limit. Reference [1] argues that in this classical limit, PR-box correlations (and, by extension [7] , all stronger-than-quantum bipartite correlations) allow observers "Alice" and "Bob" to exchange superluminal signals.
The argument [1, 7] relies on measurement sequences that are observable but exponentially improbable. It is therefore of interest to test the argument by applying it to a different problem. In particular, GHZ correlations [8] are a tripartite version of PR-box correlations in the sense of being all-or-nothing correlations (perfect correlations and anticorrelations). Could Alice, Bob and an additional observer, "Jim", use GHZ correlations, in the classical limit, to exchange superluminal signals? Does the argument of Ref. [1] lead to this conclusion?
If so, it is clearly an incorrect argument: quantum mechanics and its classical limit do not violate relativistic causality! The first section of this paper reviews the arguments of Ref. [1] and attempts to extend them to show how Alice, Bob and Jim could exchange superluminal signals in the classical limit; but these attempts fail. The second section compares PR-box and GHZ correlations to show how retrocausality is self-contradictory in the first case but not in the second.
I. GHZ CORRELATIONS IN THE CLASSICAL LIMIT
Let Alice and Bob make spacelike separated measurements on pairs of particles. For each pair (indexed by i), one member is in Alice's laboratory, and she can choose to measure observables a i or a i (but not both) on it; the other member is in Bob's laboratory, and Bob can choose to measure observables b i or b i (but not both) on it. All four observables a i , a i , b i and b i take values ±1 with equal probability. The definition of PR-box correlations, Yet it will sometimes happen (with probability 2 −N ) that B will take the value 1. If
Alice and Bob repeat either scenario exponentially many times, they can produce arbitrarily many cases of B = 1. True, there will be measurement errors in Bob's results, but in the classical limit Bob must obtain at least some information about both B and B . Now if
Alice consistently measures a i , Bob can expect to obtain B = 1 with probability close to 2 −N . And he can also expect to obtain B = 1 = B with the same probability, and not with probability 2 −2N , because Alice's choice has correlated B with B . Conversely, if Alice consistently measures a j , then Bob can expect to obtain B = 1 with probability close to 2 −N , and he can also expect to obtain B = 1 = −B with the same probability, and not with It does not matter that the price of a one-bit message from Alice to Bob may be astronomical. As long as it is possible, at any price, it constitutes a violation of relativistic causality, which we cannot allow. Hence PR-box correlations violate relativistic causality in the classical limit, as claimed.
Before proceeding to tripartite (GHZ) correlations, let us stop to consider bipartite quantum correlations. Does the above argument imply that they, too, allow signalling in the classical limit? If so, it cannot be correct. Most similar to PR-box correlations are quantum correlations that saturate Tsirelson's bound [9] for the Bell-CHSH inequalities.
Without loss of generality, we can consider entangled pairs of spin-1/2 particles in the state
In this state, Alice and Bob always obtain perfect correlations if they measure spin along the same axes in the xz plane.
Quantum correlations saturate Tsirelson's bound when
where each of the four observables takes the values ±1.
(We suppress the index i.) Their correlations are after Alice measures a is equally likely to be ±1, whatever Alice obtains. We thus find that the correlations in Eq. (2) are not strong enough to induce any difference between the variances of the observables B + B and B − B . Indeed, they are the strongest correlations that do not induce such a difference and therefor do not permit signalling in the classical limit [7] .
Reference [1] claims that correlations that are too strong violate relativistic causality in the classical limit, and that PR-box correlations are too strong because they provide absolute "all or nothing" correlations. But quantum mechanics, as well, provides "all or nothing" correlations. Consider a triplet of spin-half particles in a GHZ state 
The implication is that if all three observers measure σ x on their particles, they will discover that a x b x j x = −1. Similarly, if the appropriate measurements are carried out, they will discover that a x b y j y = 1 = a y b x j y = a y b y j x as in Eq. We are back to square one. So let us try to apply the classical-limit argument of Ref. [1] .
By analogy with Ref. The statistics don't work out in the case of GHZ triplets as they do in the case of PR-box pairs. We therefore conclude that despite the similarity between Eq. (1) and Eq. (3), GHZ correlations do not allow Jim to signal to Alice and Bob by choosing which observable to measure (at least via the above attempts), even if we assume a classical limit in which they can measure the ensemble averages of incompatible observables. The argument of Ref. [1] passes the test we prepared for it.
II. RETROCAUSALITY IN PR-BOX AND GHZ CORRELATIONS
Instantaneous signalling directly violates relativity theory, opening the door to causal loops and contradictions. In particular, consider the classical limit of a PR-box ensemble,
with Alice sending one bit of information i A ∈ {0, 1} to distant Bob. In an "unprimed" reference frame, Bob receives Alice's message instantaneously (at time t B = t A ); but in an appropriate "primed" reference frame, Alice's bit could be a message into the past, e.g. Bob receives her bit (at time t B ) before she sends it (at time t A > t B ). Applying the principle of relativity, we infer that in the primed reference frame, Bob could send a bit i B ∈ {0, 1} at time t B that Alice would receive instantaneously (at time t B ) before sending i A . Then if Alice's device is set to echo whatever message she receives from Bob (so that i A = i B ), and Bob's device is set to yield the inverse of the message he receives from Alice (so that So what makes PR-box correlations different from GHZ correlations, such that the former violate relativistic causality (in the classical limit) while the latter do not? We might have replied, "PR-box correlations are retrocausal whereas GHZ correlations are not." But we have just seen that this distinction fails. So let us return to our comparison, in the first section, of PR-box correlations and bipartite quantum correlations. We noted that even quantum correlations that violate the Bell-CHSH inequality maximally are not strong enough to permit signalling. Are GHZ correlations, which like PR-box correlations can be 0 or 1, strong enough? No! They are indeed stronger, but their strength dissipates over the two stages Alice and Bob require in attempting to receive Jim's signal. Relativistic causality in the classical limit is a subtle, but effective, constraint on quantum mechanics.
We introduced this work by stating that three axioms with clear physical meaning, namely nonlocality, relativistic causality, and the existence of a classical limit, might be sufficient for deriving quantum mechanics, or at least an important part of the theory. We can consider reducing these three axioms to two simply by eliminating nonlocality as an axiom. Indeed, axioms in physical theories are, in general, constraints. The constraint of locality could be an axiom, but absence of this constraint need not be an axiom. And it seems from our work that quantum mechanics is just as nonlocal as it can be without violating relativistic causality. The retrocausality we have seen in jamming via GHZ correlations suggests that also retrocausality, like nonlocality, can appear wherever it is not forbidden by relativistic causality.
